This paper describes the investigation of the influence of target material atomic number (Z ) on the laserproduced plasma pressure. For this reason, several target materials representing a wide range of atomic numbers (Z = 3 5 − 73), i.e. plastic (C H), A , C , A , and T , were used. The results presented show that the plasma pressure decreases with growing atomic number but in a limited range of Z only. For higher Z , starting approximately from Z = 47 (Ag), the plasma pressure becomes constant, as confirmed by interferometric measurements and x-ray plasma imaging.
Introduction
Inertial confinement fusion (ICF) is an approach to fusion that relies on the inertia of the fuel mass to provide confinement. In a direct drive ICF target the efficiency of laser radiation absorption requires the ablation pressure to be as large as possible and the use of materials with low atomic number (Z ), such as DT-ice. The ablator employs various plastics and beryllium, are employed as an ablator. For examples see monographs [1] - [3] ). As the atomic number of the target increases, the laser-produced plasma energy losses grow due to thermal emission. It leads to a drop in coupling efficiency of the laser energy in the target and leads to the ablation pressure decreasing. The degree of plasma pressure reduction with growing Z is an important issue.
In our previous papers [e.g. [4] ] we have demonstrated that the laser-produced plasma pressure depends on the atomic number of target material. The experiments carried out at the PALS iodine laser facility for three target materials, namely plastic (C H, Z = 3 5), A (13), and C (29), indicated that the plasma pressure decreases with growing Z . As the target irradiation geometry in the PALS experiments is annular-like, a part of the laser-produced plasma collides on the axis, generating convergent plasma streams. However, this mechanism acts well only in the case of heavy target materials. If the target consisted of light materials like plastic or A , no plasma jets were observed, despite that, the initial laser intensity distribution was the same. Nevertheless, the above phenomenon allowed us to create high-quality A plasma jets using C H plasma as a compressor [5, 6] . Besides that, we used a combination of C and C H targets to improve the parameters of C plasma jets, as well as to obtain more complex plasma configurations, where a C plasma pipe served as a nozzle for the C H plasma [7] .
In connection with the above activities the question arose whether the decrease of plasma pressure with growing Z is permanent or not. In order to answer this, in addition to the previously used target materials (C H, A , and C ), we exploited two heavier target materials, A (47) and T (73), to investigate the largest range of atomic numbers as possible.
Experimental set-up and conditions
The experiment was carried out with the use of the PALS laser facility. For plasma generation we used a laser beam of diameter 290 mm, which was focused by means of an aspherical lens with a focal length of 600 mm for the third harmonic of the laser radiation used (λ = 0 438 µm). The following parameters for target irradiation have been chosen: laser energy E L = 130 J, focal spot diameter (Φ L ) 600 µm (the focal point being located inside the target), and pulse duration 250 ps (full width at half maximum). In the reported experiments two kinds of targets were used: • massive targets made of A , C , A , and T , as well as
• the same targets but with a cylindrical C H insert of diameter Φ = 200 µm.
The plasma stream configurations were studied by means of a three-frame laser interferometric system with automatic image processing. Each of the interferometric channels was equipped with an independent interferometer of the folding-wave type. In parallel to interferometry, a four-frame x-ray pinhole-camera with a 80 µm diameter pinhole was used, registering soft x-ray plasma radiation in the range of 10 -1000 eV. The exposure time of the x-ray camera was below 2 ns.
Experimental results
In Figs. 1 -4 interferograms and x-ray plasma images at = 7 ns, are presented for all the targets used. For comparison, the results corresponding to the targets without and with the CH insert are grouped in pairs. One can see that the pure Al plasma stream differs essentially from those launched on heavier targets. Whereas the plasma streams in the latter cases have a very narrow shape with a diameter of 200 -300 µm, the Al plasma stream diameter is about three times greater. Despite that, the influence of the C H insert on the plasma stream structure is clearly seen in all the cases. One can see that the diameter of these plasma streams grows due to the influence of C H plasma pressure. It is obvious that a greater plasma stream diameter provides evidence of a lower pressure of the surrounding plasma. Thanks to very sharp borders of the plasma streams in the interferograms, the influence of C H insert on the resulting plasma shape can be presented in a numerical form. Because of differences in the plasma stream configurations corresponding to various target materials, the ratio of diameters of plasma streams generated with and without the C H insert was taken as a common factor (η) for all the cases. In Fig. 5 an arbitrary chosen distance of 1 5 mm from the target. The diagram starts from unity, which corresponds to C H target with C H insert. Then, η gradually grows up to Z = 47. It corresponds to the plasma pressure decrease with growing Z . However, the increase of η ends for Z ≥ 47, where the value of η becomes constant. It means that the pressures of the A and T plasmas are roughly equal to one another. This fact leads to the conclusion that the pressure reaches minimum just for A plasma and does not change for plasmas with higher Z anymore.
To make sure that the plasma pressure becomes constant above Z = 47, we also employed a T target with an A insert of 200 µm in diameter. At the same pressure of the A and T plasmas the plasma stream launched on that target should take a narrow form like those launched on pure A and T targets. The results are presented in Fig. 6 where, for comparison, the plasma streams of pure A and T plasmas are shown too. One can see that the shapes of all the plasma streams are very similar, which speaks in favor of correctness of the diagram in Fig. 6. 
Discussion of the experimental results
The following expression, widely used for determination of ablation pressure, can be applied to determine the scale of ablation pressure in the region with critical plasma density, where a sonic point essentially occurs. This determined scale is correct in the frame in which the laser radiation is mainly absorbed. The coupling parameter for the incident laser radiation must be smaller than 10 14 Wµ 2 / 2 (I L and λ are laser radiation intensity and wavelength, respectively) and the targets must be made of light materials.
where ρ is the critical plasma density
where A and Z are the atomic mass and average charge of the plasma ions, respectively; K = E /E L is the absorption efficiency which represents the ratio of absorbed laser energy (E ) and laser energy (E ). To extend such an approach to the case of an arbitrary atomic number of target material, the coupling efficiency K should be used instead of the absorption coefficient K in (1). The coupling efficiency represents the efficiency of the laser energy transformation into the internal plasma energy. This takes into account the energy losses due to plasma thermal radiation:
is the x-ray conversion efficiency, E is the energy converted to thermal radiation energy and E is the absorbed laser energy. So, the ablation pressure dependence on the atomic number of target material is contained in the values of both critical density and coupling efficiency. According to (1) and (2), the extract of such dependence is given by:
Expression (3) gives the possibility of qualitative evaluation of the pressure dependence on the atomic number Z . At temperatures in the range of 300 -1000 eV, which are typical for the incident laser intensity of 10 13−14 W / 2 , the ionization degree of light and relatively light atoms (from H up to A or S ) is close to the total. In this case the ratio A/Z practically does not depend on the atomic number, remaining close to 2. Meanwhile the conversion efficiency K increases with increasing the atomic number due to increasing the average charge of ions. So, the plasma ablation pressure in the case of target light material decreases with increasing Z . For heavy atoms the ionization degree will be saturated at the level of Z = 20 − 25. That leads to an increase of the ratio A/Z with increasing Z . At the continuous increase of K with growing Z (x-ray conversion efficiency in a laserproduced plasma launched on a planar A target reaches the value of 0 7 -0 8 (see Ref. [8] ). The increase of the ratio A/Z leads to a slowing down of the decrease of the ablation pressure and plasma pressure saturation.
Conclusions
The PALS laser system gives particular possibilities for realization of the presented investigations because it allows simply to create very narrow plasma structures (plasma jets). Then, the plasma jets could be used as a convenient tool for determination of mutual relationship between pressures of plasmas with different atomic numbers. This paper confirms a tendency of the plasma pressure to decrease with growing atomic number of targets. However, it is also demonstrated that the plasma pressure decrease is stopped at a relatively high value of atomic number. Then, the plasma pressure is saturated on a certain level. In our experiment the saturation starts from Z = 47. The theoretical consideration presented above has shown that the plasma pressure is a complex function of two factors: the plasma energy losses due to thermal radiation and the degree of plasma ionization. Because both of these depend on target irradiation conditions, their change can result in certain quantitative differences in the plasma pressure dependence versus Z . However, the character of this dependence should be conserved. This paper also also explains why it is impossible to launch the plasma jet on low-Z material target like plastic (C H) or A (see Fig. 1 ). The high inner pressures of C H and A plasmas are likely to be responsible for the observed extensive radial spread of these plasmas. They influence concentration of the plasma at the axis and prevent the formation of plasma jets, as should be the case for higher-Z plasmas. Even though the above presented results are qualitative only, they bring information on the pressure relationship in different laser-produced plasmas, which is of importance not only from a physical point of view, but also for various technical applications. For example, combinations of different plasmas can create desirable plasma structures (see [5] [6] [7] ).
